Genetic perturbation screens have the potential to dissect a wide range of cellular phenotypes. Such screens have historically been difficult in diploid mammalian cells. The recent derivation of haploid embryonic stem cells provides an opportunity to cause loss of function mutants with a random mutagen in a mammalian cell with a normal genetic background. We describe an approach to genetic screens that exploits the highly active piggyBac transposon in haploid mammalian cells. As an example of haploid transposon (HTP) screening, we apply this approach to identifying determinants of cancer drug toxicity and resistance. In a screen for 6-thioguanine resistance we recovered components of the DNA mismatch repair pathway, a known requirement for toxicity. In a further screen for resistance to the clinical poly(ADP-ribose) polymerase (PARP) inhibitor olaparib we recovered multiple Parp1 mutants. Our results show that olaparib toxicity to normal cells is mediated predominantly via Parp1, and suggest that the clinical side effects of olaparib may be on target. The transposon mutant libraries are stable and can be readily reused to screen other drugs. The screening protocol described has several advantages over other methods such as RNA interference: it is rapid and low cost, and mutations can be easily reverted to establish causality.
Introduction
Forward genetic screens, in which random mutations are generated and the resulting mutants screened for a phenotype of interest, are of great use in the analysis of gene function. These screens have been most productively applied in model organisms with short generation times, such as yeast, C. elegans and Drosophila. In mammals, cell culture systems provide one approach to producing enough random mutants to adequately sample all mammalian genes. However screening in most mammalian cell lines has a major drawback compared to whole organisms: there is no breeding strategy available to produce homozygous mutants from randomly-generated heterozygotes. Therefore loss-of-function screens have always been challenging, as the diploid mammalian genome often ensures that any introduced mutation in a gene is compensated for by another copy of the gene on the homologous chromosome. Thus, RNA interference has remained the method of choice for cell culture screens, despite the development of effective mammalian transposons and their success in whole-organism screens [1, 2, 3] .
The recent rediscovery and stable culture of haploid mammalian cells promises to change this situation. Haploid mammalian cells have only one copy of each chromosome, so random mutations can directly cause loss-of-function phenotypes. Haploid mammalian cell lines include a near-haploid human chronic myeloid leukaemia cell line [4] and its partially reprogrammed derivative [5] , and the more recently derived haploid mouse embryonic stem (ES) cells [6, 7] .
Here, we have applied piggyBac transposon mutagenesis in haploid ES cells to generate large, stable libraries of mutants for genetic screens, a process we will refer to as haploid transposon (HTP) screening. We have tested the potential of this system by identifying known genetic determinants of resistance to the chemotherapeutic 6-thioguanine. A major application for genetic screening is in investigating genetic mechanisms of toxicity and resistance as part of drug development. We therefore applied HTP screening to investigate mechanisms of response to the Poly (ADPRibose) Polymerase (PARP) 1/2 inhibitor olaparib [8, 9] . Although early clinical trials have demonstrated sustained antitumoural responses to olaparib, dose-limiting myelosuppression is also observed [10] . It is not known whether olaparib-induced toxicity to normal cells is mediated by PARP1 or PARP2 inhibition or is alternatively an ''off-target'' effect caused by inhibition of other enzymes. We found that Parp1 itself is required for olaparib toxicity in wild type mouse ES cells, and depletion of PARP1 in human cells also caused olaparib resistance. Our results not only exemplify the potential of HTP screens but also support a mechanism of action of PARP inhibitors in which the inhibited PARP1 enzyme forms a toxic DNA lesion.
Results
We designed a workflow and methods ( Figure 1 and Protocol S1) that facilitate the mutagenesis and screening of HAP-3 ES cells [6] using a piggyBac transposon construct (TNP) designed to disrupt transcription and give wide genome coverage [11] ( Figure 1A, B) . This vector contains a positive-negative selection marker gene, puroDTK, driven by the mouse phosphoglycerate kinase promoter (PGK), which allows selection for insertion into the genome using puromycin. Mutagenesis is achieved by two pairs of splice-acceptor bearing exons at either end of the transposon cargo in opposite orientations, which should disrupt splicing if the transposon is inserted into an intron of a gene. The penultimate exon of each pair is engineered with several premature stop codons in each reading frame, which should cause degradation of fusion transcripts by the nonsense-mediated mRNA decay pathway, thus even insertions at the 39 end of genes are likely to be mutagenic.
Using conditions that give, on average, one transposon insertion per cell [12] , we mutagenised haploid HAP-3 ES cells to generate a mutant library, H3L1, containing 5-10,000 mutants ( Figure 1B ). To assess ploidy of the mutant population, we stained fixed cells with propidium iodide and analysed DNA content by flow cytometry. The library remained mainly haploid after puromycin selection (fewer than 5% cells with greater than 2C DNA content), indicating that most insertions occurred in haploid cells and should therefore cause loss of function mutations when inserted into genes ( Figure 1C) .
To test the extent of loss-of-function mutagenesis in the libraries, we used 6-thioguanine selection. This positive selection screen has been previously used as a benchmark for mutagenesis systems, as 6-thioguanine is known to require the DNA mismatch repair pathway for toxicity [13, 14] . We exposed the H3L1 library to 6-thioguanine, selected resistant colonies and mapped the genomic position of transposon insertion sites. Among the 18 clones sampled from the resistant population in which the insertion site could be mapped, we identified mutations in the DNA mismatch repair pathway genes Msh2, Msh6 and Mlh1 (Table 1) . Importantly, three of the four expected mismatch repair genes were recovered (the exception being Pms2) from this library, including three different insertions in Msh2, indicating good genome coverage even in this sub-saturating library. This demonstrated that HTP screens can efficiently identify known mechanisms of drug toxicity.
To further exemplify the potential of HTP screens, we used the same conditions to generate 12 additional mutant libraries to obtain better genome coverage, each containing 10-20,000 mutants based on the number of puromycin-resistant colonies obtained (H3L2-H3L13, Figure 1B ). We then exposed these to the PARP1/2 inhibitor olaparib at a concentration that results in a surviving fraction (SF) of ,1 in 2.5610 5 wild type cells ( Figure 1D ). Thirty-two colonies survived the olaparib treatment, and the insertion site was mapped in 24 using Splinkerette PCR. Unexpectedly, 18 colonies had insertions in Parp1, with two different Parp1 insertion sites being independently detected in different mutant pools ( Figure 2A and Table 2 ). Finding the same gene disrupted by different transposon insertions is strong evidence that the gene is required for sensitivity and the phenotype is not due to a background mutation unlinked to the transposon. As piggyBac preferentially reintegrates close to the site of excision when it transposes [15] , finding the Parp1 transposition events in multiple libraries confirms that these insertions arose independently and not from a secondary transposition event that reintegrated elsewhere in the same gene.
Parp1 mutants were 100-fold more resistant to olaparib than wild type cells ( Figure 2B ) and also showed profound resistance to another clinical PARP1 inhibitor, BMN 673 ( Figure 2B ). Prior to this analysis, we expected that genetic inhibition of Parp1, a major target of olaparib, would add to the growth inhibitory effect of this drug and thus resistance could be caused by an increase in Parp1 expression or activity. However, both Parp1 mutants lacked detectable Parp1 protein when assayed by western blot ( Figure 2C ), suggesting that the transposon mutations most likely generate null alleles that ablate protein expression. Parp1 mutant cells had greatly reduced levels of baseline and radiation-induced poly(ADP-ribose) (PAR), the product of PARP enzymatic activity, further suggesting that there is no active truncated protein expressed ( Figure 2D , note that most PAR polymerisation after DNA damage occurs on Parp1 itself). The effect of Parp1 ablation was neither mouse nor ES cell-specific, as silencing of PARP1 by short interfering RNA (siRNA) in human CAL51 and DLD1 tumour cells also caused resistance to BMN 673 and olaparib ( Figure 3) .
A unique advantage of the piggyBac system, not found in screening systems utilising RNA interference, is that each transposon can be precisely excised by simply re-expressing transposase, allowing formal proof that the insertion causes the mutant phenotype. The transposon vector used here allows negative selection via the thymidine kinase gene, which causes cells to be sensitive to FIAU, facilitating isolation of cells that have lost the transposon after transposase expression ( Figure 4A ). To exemplify this property of the piggyBac system, we isolated FIAUresistant clones from the intron 1 Parp1 mutant after transposase transfection and showed that these had reverted to olaparib sensitivity ( Figure 4B ).
No FIAU-resistant colonies were obtained without transposase transfection, however to exclude potential contamination of the culture with wild type cells we also isolated revertants by another method. The transposon used contains a promoterless neo selectable marker in the opposite orientation to the puroDTK gene that was used for selection. Although the neo gene has no promoter, some integration sites may permit expression of neo and lead to G418 resistance ( Figure 4A ). Therefore we also transfected the Parp1 mutant with transposase and selected in G418 for clones where the transposon had excised and reintegrated into such sites. Of three G418 resistant clones analysed, two had reverted to wild type sensitivity and restored Parp1 expression ( Figure 4C, D) . One further clone that survived G418 selection had not lost the transposon from the Parp1 locus and remained PARP inhibitor resistant and Parp1 null ( Figure 4C, D) ; this may have arisen from incomplete selection with G418.
The clone with the intron 19 insertion contained an additional transposon insertion (Table 2) and is thus more difficult to revert using FIAU selection for loss of the transposon, particularly since the cells have also become diploid and therefore will contain four copies of the transposon. Haploid cells grown at low density appear to have an increased chance of diploidisation, as most mutant clones isolated from the screen were fully diploid ( Figure 4E ). The increased DNA content could potentially affect the response to agents that affect DNA repair such as PARP inhibitors, however the reversion experiment above formally proves that the mutant phenotype is not due to diploidy.
Several mutants with insertions in genes other than Parp1 were isolated in the screen, but no other genes had multiple different insertion events. Some mutants displayed similar olaparib sensitivity to wild type cells, indicating that they arose from incomplete selection, whereas others showed clonal olaparib resistance ( Figure 5A ). We were unable to isolate revertant clones from any of these mutants, suggesting that their olaparib resistant phenotype is unlikely to be linked to the transposon insertion. The most resistant mutants also lacked Parp1 protein expression, suggesting that Parp1 loss could also be the mechanism of resistance in these clones ( Figure 5A ). This could occur through spontaneous mutation or epigenetic inactivation at the Parp1 locus or a regulator of Parp1-since the cells are haploid, the effects of any spontaneous mutations will be immediately apparent. Since all of the non-Parp1 mutants were only represented by a single colony, it is likely that these arise late in the culture, after the transposon mutagenesis step.
We also used transposon-directed insertion site sequencing (TraDIS) [16] , a method to specifically isolate and sequence transposon-genome junctions using the Illumina Genome Analyser, to assess the mutants present in the H3L1-8 libraries prior to drug exposure (Table S1 ). Transposon-genome junctions from 48,707 positions were identified. In agreement with previous observations, 24,499 (50%) of these insertions were in genes. At least 8,841 different genes were mutated in these eight libraries, giving an average coverage of five insertions per mutated gene. However, the libraries will likely contain more mutants than this, as this sequencing experiment did not completely sample all the transposon insertions in the libraries. Most sites were only covered by a single read once PCR duplicates were removed and although both sides of the transposon were sequenced, few insertion sites were represented by sequences from both ends.
This sequencing identified insertions in the PARP superfamily genes Parp6, Parp7, Parp9, Parp11, Parp12, Parp14 and Parp16; and the tankyrases Tnks (Parp5a) and Tnks2 (Parp5b) ( Table 3) . As these genes were accessible to the transposon but were not selected by olaparib exposure it seems possible that these genes are not key determinants of resistance under these conditions.
Discussion
The unexpected observation that PARP1 is the major genetic determinant of PARP1/2 inhibitor toxicity in normal cells suggests that PARP1 protein is a necessary component of the toxic DNA lesion. As autoparsylation of PARP1 is required for the release of PARP1 from sites of DNA damage [17] , PARP inhibitors could prevent dissociation of PARP1 from DNA, causing a potentially lethal DNA lesion. In the absence of PARP1 expression, such lesions would not form and PARP inhibitor resistance could occur. This hypothesis is supported further by a recent study showing poisoning of PARP1 in the presence of olaparib [18] .
Human cancer cell lines that have acquired resistance to the PARP inhbitor ABT-888 have also been previously shown to have reduced PARP1 levels, although these cells also acquired resistance to ionising radiation [19] , which our Parp1 mutant cells did not ( Figure 5B ). ABT-888 (also known as veliparib) was shown to trap PARP1 less efficiently than olaparib [18] and thus is not very toxic to wild type cells. In agreement with this result, our Parp1 mutants were more resistant to ABT-888 than wild type cells, but high doses must be used to observe this ( Figure 5C ). Our results suggest that toxicity to normal cells in patients treated with PARP inhibitors may be an on-target effect mediated via PARP1 and therefore may not be reduced by developing more potent PARP inhibitors ( Figures 2B and 3A, C) . Furthermore, our results suggest the possibility that tumour-specific mutation or inhibition of PARP1 could result in clinical PARP inhibitor resistance and disease progression. The HTP screening system described here has several distinct qualities when compared to current mammalian genetic screening systems: it is not reliant on the purchase or synthesis of a reagent library (such as RNAi systems) and large mutant libraries can be rapidly generated using freely available plasmids. The 6-thioguanine screen was conducted in one well of a 6-well cell culture plate, and thus required far fewer cells compared with previous ES cell screening methods and gave a similar result in terms of recovering relevant mismatch repair mutants [20] . The transposon introduces a robust, heritable mutation, which may result in a better chance to observe a phenotype than with a siRNA knockdown that is unlikely to be complete nor to persist over a long period. This may be the reason why the olaparib resistant phenotype is not as pronounced in the human cell lines as in the mutant ES cells (Figure 3B, D) . Indeed, despite numerous siRNA screens for modulators of olaparib response having been carried out, PARP1 has not previously emerged as a resistance-causing hit by objective criteria.
After transposition, mutant libraries are stable and can be used for multiple screens, allowing common genetic mechanisms of resistance to be identified for different drugs. The reversion of transposition events allows causality to be established, a complex issue in RNAi screens where off-target effects are a major concern [21] . Even in the haploid system, reversion analysis is important for the investigation of Figure 1 . Generating and screening haploid transposon mutant libraries. A. The piggyBac transposon used for mutagenesis. The transposon cargo contains splice acceptors that disrupt transcription, but gene trapping is not directly selected for. PuroDTK, is a positive-negative selection marker: puromycin can be used to select for integrations, and FIAU to select for loss of the transposon [30] . B. Outline of the mutagenesis and screening process. A detailed protocol is provided in Protocol S1. C. mutants that show a phenotype, but for which no other independent insertions were recovered in the same gene. In the screen described here, none of the mutants for which we only recovered one colony reverted, and in fact most proved to have also lost Parp1 expression. Clones such as C12 (Cadm2) that have a mild resistance phenotype and retained Parp1 expression may have acquired another mutation that A lower molecular weight band corresponding to cleaved Parp1 is also detected in wild type cells at the long film exposure used here. Similar results were obtained using a different antibody and independently prepared lysates (see Figure 5A ). D. Low PAR levels and decreased induction of PAR in response to ionising radiation in Parp1 mutant ES cells. Data shown are representative of three experiments, using multiple Parp1 mutant subclones and wild type cell lines. doi:10.1371/journal.pone.0061520.g002 promotes resistance; however since the phenotype is not linked to the transposon insertion this is more difficult to investigate. Screening using a weaker selective pressure may result in more mutants with weaker resistance phenotypes and thus allow minor mechanisms to be investigated.
As demonstrated here and elsewhere [22] , cells in culture accumulate mutations that can interfere with screening results where strong selection is applied. This is likely to be a particular problem when using haploid cells, since the effects of loss of function mutations will be immediately apparent. Thus cells should be cultured for the minimum time possible, and tested for the presence of resistant mutants prior to mutagenesis.
The high plating efficiency of ES cells at low density makes them ideal for positive selection screens as described here, but high-throughput sequencing methods for mapping transposon integrations [16] will further extend the scope of these screens, which are likely to be equally informative for investigating determinants of drug sensitivity. 
Materials and Methods
HAP-3 cells [6] were obtained from the laboratory of Anton Wutz (Cambridge Stem Cell Institute) and cultured on an SNL76/ 7 fibroblast feeder layer in 2i medium supplemented with LIF as previously described [23, 24] . After one passage on gelatin-coated plates to eliminate feeder cells, haploid cells were purified by fluorescence-activated cell sorting, staining with 20 mg/ml Hoechst 33342 for 20 minutes and using a BD FACS aria with an excitation wavelength of 407 nm (violet laser). For propidium iodide (PI) staining, cells were fixed overnight at 220uC in 70% ethanol, washed with PBS and incubated with 5 mg/ml PI and Figure 4 . Reversion analysis of Parp1 mutants. A. Schemes used for isolation of revertants from the D5 (intron one) Parp1 mutant ES cells. B. Three FIAU-resistant clones isolated after transfection of clone D5 with PB transposase (Rev1-3, grey and black) have regained sensitivity to olaparib similar to wild type cells (green). Brca2-deficient ES cells [8] , which are sensitive to PARP inhibition, are shown for comparison. Error bars show SEM, n = 5. ***, P,0.001; comparison shown for D5Rev1 and Parp1 mutant. C. Dose response curve for BMN 673 for three clones isolated using the G418 selection scheme. n = 5; ***, P,0.001; comparison shown for G418 R2 and Parp1 mutant. D. The G418 resistant clone that remains PARP inhibitor resistant (clone R1) is still a Parp1 mutant. Lysates from the indicated cells were probed with anti-PARP followed by anti-b-tubulin. E. Clone G418 R1 still contains the original Parp1 insertion. DNA from the indicated cells (same order as above) was analysed for the presence of the transposongenome junction by PCR using the primers shown in A. F. Most clones isolated from the screen have a diploid DNA content. Three out of nine tested had a mixture of haploid and diploid cells similar to D2 (top, this clone also has the intron 1 Parp1 insertion); all others were fully diploid including clone D5 (bottom). doi:10.1371/journal.pone.0061520.g004 Figure 5 . Other mutants isolated in the screen also lack Parp1 expression. A. Other clones isolated in the olaparib resistance screen, which did not revert, have lost Parp1 protein expression. Lysates from the indicated cells were probed with anti-PARP or anti-b-actin antibodies as indicated. The same result was obtained in an independent experiment with a different antibody. Olaparib SF 50 was calculated from dose response curves as in (B); .10 means growth was .50% relative to untreated cells at the highest concentration tested (e.g. 10 mM). B. Parp1 mutant ES cells are not resistant to ionising radiation. Cells were irradiated with the indicated dose one day after plating and assayed for growth five days later. C. Parp1 mutant cells are also resistant to the PARP inhibitor ABT-888 (veliparib) at high doses. n = 5, mean and SEM shown, ***; P,0.001. doi:10.1371/journal.pone.0061520.g005 80 mg/ml RNAseA for 15 minutes. For mutagenesis, ten million cells were transfected by electroporation (230 or 270 V, 500 mF; BioRad GenePulser) with 1 mg TNP transposon donor plasmid [11] and 10 mg pCMV-hyPBase transposase expression plasmid [25] and selected in 3 mg/ml puromycin for six days. To make the genome-wide library, each of three electroporations was plated on four separate plates to produce 12 sectored pools of mutant cells (H3L2-H3L13).
To isolate resistant mutants, 5-10610 5 cells were plated on a six-well feeder plate (this high density precludes isolation of Hprt mutants in 6-thioguanine due to cross-killing) and drugs added the following day. Drug concentrations used were: 6-thioguanine, 2 mM; olaparib, 4 mM; puromycin, 3 mg/ml. After isolation of mutants, ES cells were cultured in conventional ES cell medium supplemented with 15% fetal calf serum (FCS) and LIF. For survival curves, 2,500 ES cells were seeded per well on gelatinised 96-well plates. Drug-containing medium was added the next day (day two) and replenished 48 hours later. The live cell proportion was estimated on day six using CellTiterGlo (Promega).
To isolate revertants, mutant cells were electroporated with the hyPBase expression plasmid and cultured for three days without selection. Cells were then plated in 200 nM FIAU (1-(2-deoxy-2-fluoro-1-D-arabinofuranosyl)-5-iodouracil) or G418 (180 mg/ml). Untransfected cells were also plated in FIAU to ensure that the reversion was PBase-dependent and did not arise from spontaneous mutation or loss of the puDTK selectable marker or from contaminating wild type cells in the culture.
Insertion sites in drug-resistant subclones were amplified using Splinkerette PCR as previously described [26] and mapped using iMapper [27] . We used the TraDIS method for large scale amplification and sequencing of insertion sites [16] , which were mapped to mouse genome version NCBI m37 using bwa [28] .
Antibodies used were: anti-PARP1 polycolonal (Cell Signaling #9542, Figure 2C, 3E) , anti-PARP monoclonal C-2-10 (abcam ab105, Figure 4D , 5A), anti-PAR monoclonal 10H (Enzo 804-220-R100, Figure 2D ).
Human CAL51 cells were obtained from DSMZ and cultured in DMEM supplemented with 10% FCS (Gibco), 2 mM Lglutamine and penicillin-streptomycin (Gibco). DLD1 cells were obtained from Horizon Discovery Ltd. and cultured in McCoy's 5A medium with 10% FCS, 2 mM L-glutamine and penicillinstreptomycin. Brca2 D/2 ES cells have been previously described [29] . siRNA transfection was achieved using Lipofectamine 2000 (Invitrogen) in six-well format following the manufacturer's instructions. All siRNAs were purchased from Dharmacon. Survival was assessed using CellTiter Glo after five days drug exposure. 
Supporting Information

